For several years now, natural gas has been widely used as a fuel for stationary power generation gas turbine engines ͓1͔. Although composed primarily of methane, natural gases can contain from a few percent up to as much as 18% of other gases, depending on the international source ͓2͔. These natural gas impurities are usually higher-order hydrocarbons such as ethane and propane. Composition variations in native and foreign natural gases can cause changes in the combustion chemistry, emissions formation, and stability, among other concerns ͓3-5͔.
Introduction
For several years now, natural gas has been widely used as a fuel for stationary power generation gas turbine engines ͓1͔. Although composed primarily of methane, natural gases can contain from a few percent up to as much as 18% of other gases, depending on the international source ͓2͔. These natural gas impurities are usually higher-order hydrocarbons such as ethane and propane. Composition variations in native and foreign natural gases can cause changes in the combustion chemistry, emissions formation, and stability, among other concerns ͓3-5͔.
However, in the near future, power generation gas turbines may be required to burn ever more exotic gaseous fuel blends in addition to indigenous natural gas. Typical fuel blends can include potentially high concentrations ͑Ͼ10% ͒ of hydrogen and even larger concentrations of hydrocarbons than what are common in natural gases. In addition to changes in the heating value of the fuel blends, significant changes in the ignition chemistry occur when gases such as H 2 and C 2 H 6 are added to methane. According to previous studies, even a few percent of higher-order hydrocarbons can greatly accelerate the ignition process of a methanebased fuel ͓2͔. Even larger changes in the combustion chemistry may then occur if the methane-based fuel were to contain significant levels of hydrogen or hydrocarbons. Such chemical effects can have dramatic impacts on existing gas turbine combustors designed to operate on natural gases typical of those found, for example, in the United States. These concerns are complicated by the fact that few data exist on the fundamental effects of fuel composition variation at the fuel/air mixture ratios, temperatures, and pressures of interest to the designers of power generation gas turbines.
Ignition delay time is a fundamental parameter often used to provide chemical time scale information for the improvement of chemical kinetics models. In a gas turbine application, the term "autoignition" refers to a problem specific to engines employing premixed combustion wherein the mixture might "autoignite" prior to reaching the main burner. The term "ignition" in the present paper refers to the more general kinetic definition and is therefore not limited to the relatively low temperatures seen in the premixer region of gas turbines ͑Ͻ800 K, typically͒. Ignition delay time measurements at relatively higher temperatures ͑Ͼ1100 K͒ are nonetheless useful for gas turbines because they are used for the improvement of chemical kinetics mechanisms that can be used for all regimes, and the kinetics at the higher temperatures of the main burner may be of importance to flame speed predictions, dynamics, and emissions predictions.
With these issues and concerns in mind, the authors are conducting a research program to study ignition delay times and related chemical kinetics over a wide range of fuel composition, mixture stoichiometry, temperature, and pressure. The present paper concentrates on fuel blends and conditions of most concern to the present generation of gas turbines, namely undiluted fuel-lean mixtures ͑ = 0.5͒ at pressures up to 25 atm for fuel blends that contain mostly methane ͑Ͼ60% ͒. Gases blended with methane in the present study include hydrogen, ethane, and propane. Presented first is a background review of the existing literature on ignition-delay time measurements and the chemical kinetics of methane-based fuel blends, followed by details on the current shock-tube experiments. The results of the experiments for each additive are then summarized, and the methane-only results are compared to an improved methane oxidation chemical kinetics model designed for the higher-pressure, fuel-lean conditions of this study.
Background
As summarized by Spadaccini and Colket ͓2͔, methane ignition and oxidation have been the subjects of many shock-tube investigations. The strong interest in methane is because of its practical significance as a fuel and because methane's oxidation chemistry is important in the combustion of all other hydrocarbons. While the chemical kinetics of CH 4 ignition are considered well known at high temperatures ͑Ͼ1300 K͒ and pressures near or below 1 atm, the kinetics of CH 4 ignition at pressures greater than atmospheric, lower temperatures, and lower dilution levels are much less known. Some high-pressure shock-tube methane ignition data are available from the studies of Tsuboi and Wagner ͑3-300 atm͒ ͓6͔, Petersen et al. ͑1-480 atm͒ ͓7,8͔, and more recently by where the ignition delay time ͑ ign ͒ is in seconds; the activation energy ͑E͒ is 51.8 kcal/ mol; R is the universal gas constant; T is the temperature in K; and the concentrations are given in mol/ cm 3 . The correlation in Eq. ͑1͒ is valid for T = 1400-2050 K, = 0.5-2.0, and concentrations up to ͓CH 4 ͔ = 3.6ϫ 10 −5 mol/ cm 3 ; ͓O 2 ͔ = 3.6ϫ 10 −5 mol/ cm 3 ; and ͓M͔ = 3.6 ϫ 10 −3 mol/ cm 3 ; the overall pressure dependence is P −0.72 . Some shock-tube ignition data are available for methane mixed with other species, driven mainly by the importance of minor components in natural gas combustion. Cheng and Oppenheim ͓11͔ performed a study exploring combinations of H 2 and CH 4 . They looked at a wide range of CH 4 /H 2 blends and stoichiometry, with the % H 2 varying from 0% to 100%. For all cases, the argon dilution was 90% by volume, and the pressure ranged from 1 atm to 3 atm. Lifshitz et al. ͓12͔ looked at the effect of small levels of hydrogen addition on methane ignition. Krishnan et al. ͓13͔ conducted a study of CH 4 ignition when combined with the next smallest hydrocarbon fuel, acetylene. They tested mixtures ranging from 100% CH 4 to 100% C 2 H 2 for equivalence ratios ͑͒ of 0.5, 1.0, and 2.0; with Ar dilutions near 90%; and pressures from 1 atm to 4 atm.
Because of the importance of ethane and other alkanes as trace species in natural gas, a few shock-tube studies have been performed to examine CH 4 / alkane ignition ͓14-16͔. All of these studies demonstrated the accelerating effects of hydrogen and higher-order hydrocarbons on methane ignition. However, the focus of most of them was on stoichiometric methane oxidation; they were highly diluted; they were at pressures less than 10 atm; and, relatively small levels of additive were tested in most cases, corresponding to the levels seen in common natural gas blends. Nonetheless, no shock-tube data are available that cover simultaneously the pressures, stoichiometry, and wide ranges of additive/methane ratio of interest to the present study.
Many studies have also been performed on the chemical kinetics modeling of methane ignition and oxidation, but the key reactions and overall mechanisms have been validated mostly at higher temperatures and lower pressures. A good example of the state-of-the-art in CH 4 oxidation modeling is the latest mechanism from the Gas Research Institute ͑GRI͒, GRI-Mech 3.0 ͓22͔. Some methane oxidation models have been applied to available highpressure CH 4 ignition data, including those of Li and Williams ͓23͔, Petersen et al. ͓24͔, and Huang et al. ͓10͔. The latter two are based on the core GRI mechanism.
Modeling the addition of higher-order hydrocarbons to methane combustion requires the addition of reactions that have been validated for the kinetics of the particular hydrocarbon͑s͒. The first attempt to model the ignition chemistry of methane/ethane mixtures was the landmark study by Westbrook ͓25͔. His model was validated against the entire range of available ignition data from pure methane to pure ethane. Westbrook and Pitz ͓26͔ later considered the effects of propane addition using an improved model. A reduced kinetics mechanism based on the ignition of CH 4 /C 2 H 6 blends was developed by Gardiner et al. ͓27͔ , and modeling to support constant-volume autoignition experiments was performed by Griffiths et al. ͓19͔ and Naber et al. ͓20͔ . More recently, Khalil and Karim ͓28͔ assembled a kinetics model to look at the effects of natural gas variation on ignition in diesel engines.
Many models for higher-order hydrocarbons exist in the literature, and all of these models have subsets for methane oxidation. However, not all such models were tested against the conditions and mixtures of interest herein, so applying them to situations outside of where they were optimized should be done with caution. The approach herein was to utilize a mechanism from a recent study and apply it to the experimental data to help elucidate further insight and to determine the validity of the model for the ignition delay times.
Experiment
A helium-driven shock tube with a 16.2-cm-diameter, 10.7-mlong driven section was employed in the ignition experiments. The shock-tube facility and techniques used to measure ignition delay times are discussed in more detail elsewhere ͓29,30͔ and will be briefly reviewed here. All experiments were performed behind reflected shock waves, and ignition times were monitored from an endwall location. The delay times were inferred from a
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Transactions of the ASME PCB 134A pressure transducer and a photomultiplier tube ͑Hamamatsu 1P21͒ detector monitoring CH * chemiluminescence through a 430 mm± 5 nm bandpass filter. Pressure and CH * emission were also measured from a sidewall window port, but since the sidewall measurements for the undiluted fuel/air mixtures herein are prone to gas dynamic effects, the sidewall data were not used to determine ign ͓8͔. A combination of lexan and Al diaphragms was employed to achieve reflected-shock pressures from 0.5 atm to 30 atm. Ultimate pressures before each experiment were approximately 1 ϫ 10 −5 Torr. As shown in Petersen et al. ͓30͔, the uncertainty in the test temperature when the temperature is obtained by measuring the speed of incident wave in the authors' facility is less than 15 K for the conditions herein.
Seven different mixtures were studied. Each of the mixtures was at a fuel-lean, fuel-to-air equivalence ratio of or near 0.5, and three different gaseous species were mixed individually with the methane/air mixtures: hydrogen, ethane, and propane. Table 1 summarizes the mixture compositions. Two levels of additive for each CH 4 /additive blend were chosen to cover a general range of conditions rather than to target certain mixtures expected in the field. The equivalence ratios were based on the total carbon and hydrogen content of the fuel blends rather than just on the base methane since the non-CH 4 species percentage was in all cases 10% or more of the blend. The gas purities were as follows: ultrahigh purity O 2 ͑99.9995%͒, ultrahigh purity nitrogen ͑99.9995%͒, research grade CH 4 , H 2 , and C 2 H 6 , and 99.98% C 3 H 8 . Uncertainties in the mixture compositions listed in Table 1 are less than 1% of each minor constituent and less than 0.2% for the nitrogen.
Figure 1 provides typical CH * emission and pressure time histories for two different pressure extremes: Fig. 1͑a͒ presents data from a lower-pressure test with a reflected-shock pressure of 0.92 atm, and Fig. 1͑b͒ presents data from a higher-pressure test with a pressure of 23.8 atm. For both pressure extremes, ignition is marked by the rapid increase in the CH * signal. Since CH * chemiluminescence has been shown to be a good marker of ignition in shock-tube studies of hydrocarbon oxidation ͓31͔, ign is defined herein as the sudden rise in CH * , as shown in Figs. 1͑a͒ and 1͑b͒. Provided in Table 2 is a summary of all ignition data from this study. The maximum uncertainty in ign is 10% of the stated values. Because the CH * formation and corresponding pressure rise are nearly step functions at the time of ignition for the undiluted mixtures herein, endwall emission and endwall pressure measurement yield identical results for ignition delay time, as seen in Fig. 1͑b͒ . Any integration of the light signal from the endwall port due to reaction at different locations in the tube does not affect the determination of ignition for such exothermic mixtures. The following four sections present and discuss the data, grouped by additive species.
Methane Mixtures
Methane-only fuels at two different CH 4 /O 2 /N 2 ratios, both with fuel-lean equivalence ratios near 0.5, were studied at pressures between 0.54 atm and 23.8 atm and temperatures from 1243 K to 2001 K. These experiments were conducted to compare the current experimental techniques and results with established high-temperature methane ignition studies and to provide additional methane oxidation data at higher pressures and intermediate temperatures. Figure 2 presents the lower-pressure data corresponding to Mixture 1. These data are compared to the master correlation of Petersen et al. ͓7͔ presented above as Eq. ͑1͒. The agreement between the present data and the overall methane ignition correlation covering a wide range of and concentration is quite good. The Mixture 1 data in Fig. 1 follow an activation energy trend of 41.5 kcal/ mol. Table 3 summarizes the activation energies for each mixture and for each temperature and pressure range as appropriate.
The data in Fig. 2 span a pressure range of 0.54-0.92 atm but are plotted as a line of constant pressure at the average pressure of 0.72 atm. Each ign data point that is not at this average pressure is plotted with a pressure adjustment to the average pressure using a P −0.75 dependence. The same pressure dependence was used to plot all the data in this study; the actual pressures for each data point are listed in Table 2 . This pressure dependence is based on the average between the master correlation presented in Eq. ͑1͒ ͑−0.72͒ and the methane/HC correlation in Eq. ͑2͒ ͑−0.78͒. Similar agreement is seen in Fig. 3 between the current Mixture 2 data at elevated pressures and the overall correlation of Eq. ͑1͒. Note however that Eq. ͑1͒ is only valid for temperatures greater than 1400 K, so it is only plotted over that temperature range. At lower temperatures, the slopes of the ignition delay time curves at constant pressure get smaller due to the shift in kinetics that occurs at lower temperatures and higher pressures. In the 19.4-atm data, the activation energy at lower temperatures is 26.2 kcal/ mol, in contrast to the value of 40.1 kcal/ mol for the highertemperature data.
Petersen et al. ͓8,24͔ observed comparable activation energies at intermediate temperatures for a fuel-lean ͑ = 0.4͒ mixture at pressures from 44 atm to 161 atm. Their average value was 27.8 kcal/ mol. The similarity between the activation energies at the higher temperatures over a wide range of pressures ͑i.e., about 41 kcal/ mol, Table 3͒ and between the E values at the lower temperatures over a similar range of pressures ͑i.e., about 27 kcal/ mol͒ indicates that the kinetics in the two temperature regions are fairly independent of pressure ͑although the temperature at which transition between the two regions tends to occur appears to be pressure dependent ͓24͔͒. Of course, the transition in activation energy is slightly more gradual than that implied in Fig.  2 ͑and in other figures herein͒ but is shown in that fashion for presentation purposes to emphasize the shift in kinetics. Provided in the "Kinetics Modeling" section are further details on the chemical kinetics in the different temperature and pressure regions. 
Methane-Hydrogen Mixtures
Two CH 4 /H 2 blends were studied, with ratios of 80/20 and 60/40 ͑Table 1͒. Both mixtures had fuel/air equivalence ratios of 0.5. The shock-tube data cover a range of pressures near 21 atm ͑i.e., 18.2-25.1 atm͒ and temperatures from 1141 K to 1553 K. These data are shown in Fig. 4 in a plot of ign versus 1 / T. Also shown in Fig. 4 are the results from the methane-only experiments for a similar pressure range, shown in the form of correlation lines ͑Mixture 2, 19.4 atm͒.
Two observations are most notable in the hydrogen blends. The first observation is that the addition of H 2 reduced the ignition delay time significantly when compared to the methane-only fuel. For example, the 20% H 2 addition decreased reaction times by a factor of 3, and the 40% addition by nearly a factor of 10. This is not unexpected, however, and the effect increases with increasing level of H 2 in the fuel blend ͓11͔. The second observation is that the hydrogen addition did not seem to shift the dominant kinetic regimes for the range of mixtures studied thus far; that is, the activation energies of the ignition delay time curves in Fig. 4 differ very little from the CH 4 -only mixture over comparable temperature ranges ͑Table 3͒. The E value at higher temperatures for Mixture 3 is 41.4 kcal/ mol as compared to Ϸ41 kcal/ mol for Mixtures 1 and 2. Similarly, at lower temperatures, Mixture 4 has a 31.1-kcal/mol activation energy as compared to similar values for Mixture 2 ͑26.2 kcal/ mol͒ and from the literature ͑27.8 kcal/ mol͒ ͓8͔. Figure 5 summarizes the ignition delay time results for the ethane blends. Two fuel-lean ͑ = 0.5͒ mixtures were studied, one with a CH 4 /C 2 H 6 ratio of 90/10 and one with a ratio of 70/30 ͑Table 1͒. A temperature range from 1091 K to 1532 K and pressures from 18.5 to 25.6 were tested behind reflected shock waves. Similar results were observed for the ethane mixtures as were seen in the hydrogen blends: the addition of C 2 H 6 decreased ignition times but with similar activation energies as the CH 4 -only mixtures. As seen in Fig. 5 , a 10% addition of ethane decreased ign by a factor of three, and a 30% addition decreased it by a factor of ten over the range of conditions in this work. At higher temperatures, the activation energy slopes were 42.1 kcal/ mol and 40.2 kcal/ mol for Mixtures 5 and 6, respectively ͑Table 3͒. At lower temperatures, the activation energies were found to be 25.4 kcal/ mol and 28.9 kcal/ mol, respectively.
Methane-Ethane Mixtures

Methane-Propane Mixtures
One methane fuel blend containing 20% propane ͑Mixture 7, Table 1͒ was studied at an average pressure of 12.2 atm ͑Table 2͒. Ignition delay times were measured at reflected-shock temperatures ranging from 1189 K to 1615 K. An Arrhenius plot of the resulting ignition times is contained in Fig. 6 . When compared to the methane-only results at a similar pressure ͑10.8 atm͒, the propane addition again speeds up the ignition process but with the same temperature dependence.
The ignition activation energy of the Mixture 7 data is 41.9 kcal/ mol, and the addition of 20% C 3 H 8 resulted in a six times reduction in ign at 12.2 atm over the range of temperatures studied. Interestingly, no shift in temperature dependence was observed for Mixture 7 at the pressures studied, even for temperatures below 1200 K. The differences in hydrocarbon content and their effects on the chemical kinetics of methane blend ignition can be further elucidated by the use of comprehensive chemical kinetics modeling. The groundwork for such kinetics modeling for the conditions of this study is presented in the following section.
Kinetics Modeling
While the data presented in this study constitute a fundamental basis for understanding the high-pressure ignition of CH 4 /Air mixtures at intermediate-to-high temperatures, extension of these results to various working conditions would be impractical, or even impossible, were new experiments necessary for every new application. To aid in the extrapolation of these data, and in the understanding of the detailed combustion chemistry, a kinetics mechanism that suitably predicts the ignition delay times of the methane-air mixtures at the conditions of interest is needed. Curran and co-workers have recently developed just such a model as presented in detail by Petersen et al. ͓32͔ .
The comprehensive kinetics mechanism contains 663 reversible reactions and 116 species and has been shown to accurately reproduce shock-tube ignition data at elevated pressures for methane/hydrocarbon mixtures ͑in fact, the mechanism is based in part on the data presented herein when they were originally presented in the conference version of this paper͒. Ignition delay times were determined from the mechanism using CHEMKIN ͓33͔ and the same definition of ignition described above for the experimental pressure traces, assuming a constant-volume combustion process. For the gas turbine operating conditions considered herein, i.e., fuel-lean and 20-30 atm, a large portion of the methyl oxidation occurs through methoxy and methyl-peroxy channels as follows. Figure 7 shows the relative significance of the most influential reactions at the conditions studied in terms of ignition-time sensitivities for the methane-only mixture 2 at a pressure of 20 atm and two representative temperatures, 1290 K and 1490 K. The sensitivity of ign to each rate coefficient was defined as S ‫ץ−=‬ / ‫ץ‬k i so that a positive sensitivity indicates a faster ignition ͑lower ign ͒ with increasing k i . Reactions shown are those with the largest sensitivity coefficients and from certain third-body pressuredependent reactions included in the mechanism ͓32͔. As shown, the sensitivity of ign to the methyl recombination reaction rivals or even exceeds its sensitivity to the classic chain branching reaction H + O 2 OH + O Although this reaction was found by Petersen et al. ͓24͔ to be less significant in fuel-rich methane mixtures at elevated pressures, the excess oxygen available in the present experiments consumes a large portion of the H atoms available in the radical pool and is a primary ignition promoter.
As seen in Fig. 8͑a͒ , the model agrees quite well with the methane-only ignition data from Mixture 2. Also shown for com- parison are the predictions of GRI-Mech 3.0 and RAMEC ͓24͔ for the same data. As expected, GRI-Mech 3.0 does not capture the higher-pressure ignition trends since it was designed using mostly lower-pressure data. At the even higher-pressure, fuel-lean conditions of Petersen et al. ͓8͔, i.e., 50 atm, the current model performs favorably, as shown in Fig. 8͑b͒ .
Presented in Figs. 9 and 10 are the results of the model when applied to the ignition conditions of the CH 4 /H 2 and CH 4 /C 2 H 6 blends, respectively. For both the hydrogen and ethane additives, the model predicts well the reduction in ignition delay time with the volumetric percentage of each additive. Note that the model also produces similar ignition delay time slopes between the two levels of additive, as observed in the data for the conditions herein but underestimates the ignition delay time slightly, particularly at the higher temperatures. Finally, Fig. 11 shows that the model also performs well in the region where GRI-Mech 3.0 is known to work best, that is lower pressures and higher temperatures. Both the current model and GRI-Mech 3.0 perform similarly when compared to the 0.72-atm CH 4 -only data for Mixture 1.
Discussion
When comparing the ignition delay time results from the various mixtures, the ability of the nonmethane species to accelerate the ignition process increases not only with increasing levels of a particular species, but also with increasing levels of hydrocarbons in general. For example, there was a factor-of-three decrease in ign for a 20% H 2 addition ͑Fig. 4͒, but a similar decrease was seen with only a 10% C 2 H 6 addition ͑Fig. 5͒ at pressures near 20 atm. A 20% propane addition led to a factor-of-six decrease in ign at a pressure near 10 atm ͑Fig. 6͒. Other investigators observed similar trends with modest additive levels ͑Ͻ10% additive͒ ͓2,14-16͔. One would expect that in the limit of a methane/ethane ͑or other additive͒ blend, for example, the extreme values for ignition time would be situated between the pure CH 4 and the pure C 2 H 6 ͑or other HC͒ cases. The effects would be further complicated if several hydrocarbon species were present simultaneously.
Although the experiments covered significant levels of additives in the methane-based fuel blends, the activation energy trends observed in Figs. 4-6 indicate that the radical production channels of all the mixtures are most likely still dominated by the methane chemistry. The acceleration of the CH 4 ignition process with small-to-moderate levels of additional fuel species points to the fact that the other fuels are merely supplying extra radicals to the preignition radical pool; the dominant radicals and their formation pathways are otherwise the same as for pure methane oxidation. Upon addition of even greater volumetric percentages of non-CH 4 fuels, the chemistry at some point would shift to that of the other fuel. For example, the higher-temperature activation energy of ethane ignition is lower than that of methane, i.e., 28 kcal/ mol for C 2 H 6 ͓34͔ versus 41 kcal/ mol for CH 4 ͑Table 3͒ at = 0.5, so a reduction in E for fuel-blend ignition would be expected with levels of C 2 H 6 greater than those studied herein. Elucidation of such effects is important to understanding the ignition chemistry of fuel blends and requires further study.
Deeper insight into each of these issues can be gained from the chemical kinetics modeling. Covering the range from 100% CH 4 to 100% other hydrocarbon͑s͒ requires kinetics data and corresponding reaction mechanisms and submechanisms for methane as well as for each of the other hydrocarbons. The present paper shows that the model of Curran et al. ͓32͔ performs well for the mixtures and conditions herein and can form a useful start for more detailed analysis of the effects of higher-order hydrocarbons and hydrogen on the ignition of methane-based fuels. Problems such as autoignition in premixed systems require accurate data and kinetics mechanisms for temperatures as low as 700 K at gas turbine pressures ͓1͔. It should be noted that the ignition data and kinetics modeling trends presented above should not be extrapolated to the much lower temperatures of interest to the specific problem of "autoignition" in premixed systems ͑Ͻ800 K͒. The temperature dependence of the ignition delay time at temperatures less than about 1100 K is expected to change dramatically relative to what it is for the intermediate temperatures of this study, leading to overprediction of the ignition time at compressor discharge temperatures.
The experiments and modeling extend the database of methanebased oxidation beyond previous studies, which focused primarily on either methane-only mixtures or on lower-pressure natural gas mixtures with relatively small levels of other hydrocarbons. The present study focused on higher-pressure, fuel-lean mixtures with additive levels as high as 40% of the fuel blend. However, a thorough study of the ignition behavior and the development of appropriate chemical kinetics mechanisms for every possible combination of CH 4 with H 2 , C 2 H 6 , C 3 H 8 , and other hydrocarbons requires an even broader range of mixtures and conditions. Ignition experiments covering the range of 100% methane to 100% additive, stoichiometry from fuel lean to fuel rich, combinations of multiple additives, pressures from subatmospheric to 30+ atm, and temperatures below 1100 K are required. To cover such a broad array of parameters, an optimization approach has been developed by the authors ͓35-37͔. The resulting matrices of mixtures and conditions build upon the experimental database and theoretical foundation developed herein.
Conclusions
Over 50 experiments on the ignition of methane-based fuel blends at gas turbine conditions were conducted behind reflected shock waves. Seven different fuel-lean fuel/air mixtures were investigated: two CH 4 -only blends, two CH 4 /H 2 blends ͑80/20 and 60/40͒, two CH 4 /C 2 H 6 blends ͑90/10 and 70/30͒, and one CH 4 /C 3 H 8 blend ͑80/20͒. Ignition was deduced from endwall pressure measurements and CH * chemiluminescence measurements taken from an optical port located in the shock-tube endwall. The temperatures in the experiments ranged from 1090 K to 2001 K, and pressures from 0.54 atm up to 25.3 atm were covered, with emphasis on pressures in the 19-25 atm range.
Each of the mixtures produced ignition delay time data with activation energies that were well correlated. In general, the ignition delay times decreased with increasing volumetric percentage of additive and carbon-atom content, but no significant changes in the activation energies were observed when compared to the methane-only results. A chemical kinetics model presented in a separate study was compared to the data and was seen to capture the ignition trends of the data both in absolute magnitude and in the effect of increasing levels of hydrogen and hydrocarbons.
